This study investigates the effect of B 2 O 3 on the sintering behaviour, dielectric properties and microstructure of Ba 0.6 Sr 0.4 TiO 3 + 0.6% CuO (BSTC) ceramics. Ceramics were sintered in air at temperatures ranging from 900 to 1150°C. There are two kinds of secondary phases produced in BSTC ceramics during B 2 O 3 addition; one is BaCuB 2 O 5 with a melting point of approximately 850°C, and the other is BaTi(BO 3 ) 2 with a melting point of ³749°C. The amount of secondary phase present was seen to increase as the amount of B 2 O 3 additives increased. The BSTC ceramics with 1 mass % B 2 O 3 sintered at 1000°C in air for 2 hours exhibited a maximum permittivity, ¾ max = 1826, and a bulk density >95% of theoretical density. Moreover, 0.5 mass % B 2 O 3 doped BSTC sintered at 1000°C exhibits a maximum permittivity, ¾ max = 2100, and a bulk density >92% of theoretical density.
Introduction
Barium and strontium titanates (BaTiO 3 and SrTiO 3 ) are known to form solid solutions because of their identical crystal structures and the comparable ionic radii of Ba 2+ and Sr 2+ .
1)3)
Solid solutions with specific compositions have recently been of interest in the use of perovskite ceramics for tunable electric devices, such as phase shifters, delay lines, tunable capacitors and oscillators. 4),5) However, an ideal BST (BaSrTiO 3 ) system should exhibit the following characteristics: high dielectric constant (¾ r ), low dissipation factor (tan ¤), large tunability and a low temperature dependence.
4)6)
Pure BST ceramics have to be sintered at ³1350°C, a temperature range much higher than the melting point of conductors such as Ag (961°C) or Cu (1083°C). Therefore, only platinum or refractory metals can be used as inner conductors. 5) These materials are expensive, their electrical performance is poor, and the cost-effective fabrication of high-quality components is difficult. Several methods are commonly used for lowering the sintering temperature of dielectric ceramics, such as: the addition of glass; chemical pre-treatment and processing of ceramic powders; and the addition of small particles of starting materials. 7)9) Of these three methods, liquid-phase sintering with glass addition is generally known to be the most effective and the least expensive way of achieving high density sintered ceramics.
10),11)
Researchers have already reported attempts to decrease the sintering temperature of BST to 900°C so it can be used in LTCC (Low temperature cofiring ceramics) applications. Rhim et al. 8) reported on the influence of B 2 O 3 additions on the sintering temperature of commercial Ba 0.7 Sr 0.3 TiO 3 ; they showed that the addition of 0.5 mass % B 2 O 3 reduces the sintering temperature to 1150°C, while the dielectric ferroelectric properties remain unchanged. Valant et al. 12) reported on the influence of Li 2 O additions on the sintering temperature of Ba 0.6 Sr 0.4 TiO 3 ; they showed that an addition of only 0.4 mass % Li 2 O to Ba 0.6 Sr 0.4 -TiO 3 powder was able to reduce the sintering temperature tō 900°C and produce ceramics with a relative density of 97%. This experiment is based on Ba 0.6 Sr 0.4 TiO 3 because of its low T c , high dielectric constant, relatively low loss tangent, and good tunability. In a previous study, 13) the dielectric constant of Ba 0.6 Sr 0.4 TiO 3 ceramics with 0.6 mol % CuO doping sintered at 1150°C was determined as 4094. However, the sintering temperature of 1150°C is still too high for LTCC applications. In this article, we report a systematic study of the microstructure and dielectric properties of Ba 0.6 Sr 0.4 TiO 3 + 0.6 mol % CuO ceramics (BSTC) with B 2 O 3 doping levels ranging from 0.5 to 10 mass %. The interaction between the BSTC ceramic and B 2 O 3 was studied using XRD, SEM, and EDS.
Experimental procedure
Conventional ceramic fabrication processes were used to prepare the present BSTC samples from commercial powders of BaCO 3 , SrCO 3 , CuO and TiO 2 . The BaCO 3 , SrCO 3 , TiO 2 , and CuO powders were mixed with deionized water for 24 h in a º2 mm zirconia ball-mill. The mixture was dried, calcined at 1100°C for 6 h in air, and then crushed into a powder. An appropriate amount of B 2 O 3 was mixed with the BSTC powders using the same procedure. The powders were mixed with the binder (Polyvinyl alcohol; PVA) additive and then were pressed into disk-shaped specimens. Sintering of the pellets was carried out in air at temperatures ranging from 900 to 1150°C for a period of 2 h with a heating and cooling rate of 5°C/min.
The crystalline phases of the sintered ceramics were identified by X-ray diffraction pattern analysis (XRD, Bruker D8A, Germany) using Cu K¡ radiation for 2ª from 20 to 80°. The diffraction spectra were collected at a scan rate of 2.5°/min.
Microstructural observation of the sintered ceramics was performed using a scanning electron microscope (SEM, JEOL. JEL-6400 Japan) equipped with energy-dispersive spectroscopy (EDS). The bulk density of the sintered pellets was measured using the Archimedes method. Particle size was measured using a particle size analyzer (Malvern, Mastersizer 2000, UK). The sintering shrinkage of these samples was measured at a heating rate of 5°C/min in air by a thermo-mechanical analyzer (TMA, Netzsch DIL 402C, Germany). The capacitance and dissipation factor were measured at 1 MHz and 23°C (HP4278A). The dielectric properties of the samples were measured as a function of temperature using a HP 4284A LCR meter and programmable temperature chamber interfaced to a PC for automated measurements, and samples were measured at temperatures ranging from ¹55 to 125°C.
Results and discussion

Phase evolution in the sintered ceramics
This study aims to find a way to reduce the sintering temperature of BSTC. The influence of B 2 O 3 on the microstructural characteristics and dielectric properties was studied. The interaction of B 2 O 3 with BSTC after firing was investigated using X-ray diffraction. Figure 1 shows the XRD patterns of the BSTC ceramics with different B 2 O 3 additions sintered at 1000°C for 2 hours. For 0.5 mass % and 1 mass % B 2 O 3 doped BSTC ceramics, as shown in Fig. 1 (a) and 1(b), it was determined that there is a single crystalline phase of BST present in the specimen. This result indicates that B 2 O 3 became volatile and did not a form crystalline phase. It has been reported that the BST phase has high dielectric constants, low dielectric losses, high tunability 4),6), 14) and could be suitable for use in dielectric resonators at microwave frequencies. For BSTC ceramics with 3 mass %, 5 mass %, and 10 mass % B 2 O 3 addition, as shown in Fig. 1 (c), 1(d) and 1(e), respectively, it was found that the major crystalline phase is the same as for 0.5 and 1 mass % B 2 O 3 doped BSTC ceramics. There are also two secondary phases; one is BaCuB 2 O 5 with melting point at ³850°C, and the other is BaTi(BO 3 ) 2 with a melting point of ³749°C. However, it is clear that a secondary phase of BaCuB 2 O 5 was found when 3 mass % B 2 O 3 was added. Moreover, the relative intensity of the BaTi(BO 3 ) 2 diffraction peaks gradually strengthened when the B 2 O 3 content increased from 5 to 10 mass %. The above results indicate that a larger amount of B 2 O 3 increased the amount of BaTi(BO 3 ) 2 crystalline phase and suggest that the excess B 2 O 3 did not become volatile. Figure 2 shows the X-ray diffraction spectra for the as-sintered BSTC ceramics with 1 mass % B 2 O 3 addition, sintered in air for 2 hours at temperatures ranging from 1000 to 1150°C. The 1 mass % B 2 O 3 doped sample sintered at 1000°C (Fig. 2 ) reveals no B 2 O 3 or secondary-phase peaks, indicating that B 2 O 3 did not form a crystalline phase. However, when the samples were sintered at ²1100°C, traces of BaCuB 2 O 5 are present, indication that over-firing led to the formation of a BaCuB 2 O 5 secondary phase.
Comparing Fig. 1 with Fig. 2 shows that the BaCuB 2 O 5 second phase forms in two cases: (1) the BSTC sintered at ²1100°C and doped with¯1 mass % B 2 O 3 and (2) the BSTC sintered at 1000°C and doped with ²3 mass % B 2 O 3 . On the other hand, a BaTi(BO 3 ) 2 secondary phase formed preferentially in BSTC ceramics when the B 2 O 3 addition was ²5 mass %. The above results indicate that a larger amount of B 2 O 3 led to an increase in the amount of BaTi(BO 3 ) 2 crystalline phase. Figure 3 shows the XRD patterns with 2ª scale ranging from 31 to 33°o
nly. The study focused on this range because the highest peak intensity for BST materials was observed in this range. It can be observed that the peaks shifted to higher angles when B 2 Figure 4 shows the variation of the lattice parameter as a function of the addition of B 2 O 3 . With increasing levels of B 2 O 3 addition, the lattice constant initially increased slightly, then gradually decreased. This result shows that a small amount of B 2 O 3 addition led to Cu 2+ precipitation from the grain in BSTC materials. When Cu substitutes into Ti sites in the perovskite ABO 3 structure, it creates lattice strain and oxygen vacancies. 15) Therefore, the lattice parameter, a, of BSTC is smaller than the lattice parameter of BST. The value of a is found to decrease with the following increase of B 2 O 3 concentration. This may be attributed to the formation of BaCuB 2 O 5 and BaTi(BO 3 ) 2 when a larger amount of B 2 O 3 is doped into the BSTC ceramic. Indeed, the Ba 0.6 Sr 0.4 TiO 3 composition shifted to Ba 0.5 Sr 0.5 TiO 3 when the second phases formed (Fig. 3) . It is well known, the lattice constant of Ba 1¹x Sr x TiO 3 decreases linearly with increasing x value, 16) and the values of a for Ba 0.6 Sr 0.4 TiO 3 and Ba 0.5 Sr 0.5 -TiO 3 . are about 0.396 nm and 0.3951 nm, respectively.
Microstructural evolution in the sintered ceramics
The effect of sintering temperature on microstructure was also observed. SEM micrographs of the polished surfaces of the 1 mass % B 2 O 3 -doped BSTC specimens are shown in Figs. 5(a) 5(d), for sintering at 950, 1000, 1050 and 1100°C, respectively. In Fig. 5(a) , it can be seen that the BSTC ceramic with 1 mass % B 2 O 3 addition sintered at 950°C is rather porous, therefore the densification of the ceramic is insufficient. As the sintering temperature increases, the size and number of voids in the sintered specimen is considerably reduced, as shown in Figs. 5(b) , 5(c) and 5(d). The grain sizes of the secondary phase for 1000, 1050 and 1100°C are ³0.8, ³1.2 and ³1.4¯m, respectively, i.e. grain size increases at higher sintering temperatures. SEM micrographs of the BSTC specimens sintered at 1000°C are shown in Figs. 6(a)6(c) for the 0.5, 3 and 10 mass % B 2 O 3 addition, respectively. Figure 6 (a) shows that few pores appear in the 0.5 mass % doped BSTC. Significant densification occurred as the B 2 O 3 content increased, as shown in Figs. 6(b) and 6(c). For BSTC with 3 mass % B 2 O 3 addition, we observed a microstructure with a significant amount of columnar-like grains as shown in Fig. 6(b) . For BSTC with 10 mass % B 2 O 3 addition, exaggerated sheet-like grains with small columnar-like grains were observed (Fig. 6(c) ). According to the XRD spectra shown in Fig. 1, the Energy dispersive spectroscopy (EDS) was used to clarify the issue, and the results of BSTC ceramic with 1 mass % and 10 mass % B 2 O 3 addition sintered at 1000°C are shown in Fig. 7 . Compared with the matrix phase ( Fig. 7(a) ), the columnar-like grains have higher signal intensities in Cu (Fig. 7(b) ). Moreover, the X-ray diffraction analysis in the previous section clearly shows that the formation of the BaCuB 2 O 5 phase was preferred at B 2 O 3¯3 mass %. It is therefore believed that the columnar-like grains are composed of BaCuB 2 O 5 . The reaction can be expressed as follows:
On the other hand, compared with the matrix phase for BSTC ceramic with 10 mass % B 2 O 3 addition sintered at 1000°C (Fig. 7(d) ), the sheet-like grains have higher signal intensities in Ti (Fig. 7(e) ). According to the X-ray diffraction analysis in the previous section, the formation of the BaTi(BO 3 ) 2 phase was preferred at B 2 O 3 ²5 mass %. Therefore, the sheet-like grain is composed of BaTi(BO 3 ) 2 . The reaction can be expressed as follows:
3.3 Density and dielectric properties of the sintered ceramics
As described in the experimental section, the BSTC ceramics with different B 2 O 3 additions were sintered in air at temperatures ranging from 900 to 1150°C for 2 h. The particle size of the starting powder was controlled at 0.4 « 0.1¯m. Figure 8 shows the bulk density of the BSTC ceramics as a function of B 2 O 3 addition and sintering temperature. The density of the BSTC increased at higher sintering temperatures and reached a saturated value at 1000°C for the 1 mass % B 2 O 3 addition. The theoretical density of the B 0.6 S 0.4 TiO 3 + 0.6% CuO ceramics is approximately 5.69 g/cm 3 (based on a CuO density of 6.3 g/cm 3 ).
17) The BSTC ceramics with 1 mass % B 2 O 3 addition can be sintered to over 96% of the theoretical density (i.e. 5.49 g/cm 3 , at 1000°C for 2 h). However, the influence of sintering temperature on the bulk density of the BSTC ceramics depends on the amounts of B 2 O 3 addition, so the sintering temperature of BSTC can be reduced to below 1000°C by increasing the glass forming content and adopting correct BSTC ceramic composition. It is well known, pure BSTC ceramic has to be sintered at ³1150°C for 2 hours, therefore a small amount of B 2 O 3 addition can increase the density of BSTC ceramics at 1000°C. Related results reported by other investigators 18) show that the B 2 O 3 glass phase assists in the densification of the BST dielectrics through liquid-phase sintering. It is also interesting to note that the sintered ceramics with the highest bulk density is not the ceramics with the greatest amount of B 2 O 3 addition. In fact, the addition of 1 mass % B 2 O 3 to the BSTC ceramics that were sintered at 1000°C has resulted in the highest density among the sintered specimens. The reason for this is that overdoped B 2 O 3 did not become volatile or form an appropriate amount of the liquid phase; it remained in the specimens and formed a secondary phase. According to SEM morphology analysis, the secondary phase of BaTi(BO 3 ) 2 increased significantly with greater B 2 O 3 additions. Zhang et al. 19) studied the BaOB 2 O 3 TiO 2 system, the crystallization of BaTi(BO 3 ) 2 is a rhombohedral structure and the density is 4.22 g/cm 3 . Therefore, the bulk density of the BSTC ceramic can be reduced when more BaTi(BO 3 ) 2 forms in the samples.
Measurement of the electrical properties over a temperature range of ¹55 to 125°C enabled the Curie peak at the Curie temperature, T c , to be observed and also gave an idea of the possible effects of temperature variation (in the region of room temperatures which is important for most applications). 20) The dielectric properties of the BSTC to which different amounts of B 2 O 3 had been added were measured as a function of temperature at 1 MHz and these results are shown in Fig. 9 . Figure 9(a) demonstrates that the addition of sintering aids such as B 2 O 3 decreases the relative permittivity of BSTC. The dielectric constant (¾) decreased and its temperature spectrum broadened with increasing B 2 O 3 content, due to the doping of low-dielectric constant glass and the formation of the secondary phase of BaCuB 2 O 5 and BaTi(BO 3 ) 2 . A similar crystal structure for BaZr(BO 3 ) 2 was reported.
21) The bulk density of the BaZr(BO 3 ) 2 sintered at 1250°C for 2 h is 4.12 g/cm 3 , and the ¾ r of the BaZr(BO 3 ) 2 is about 12 at 1 MHz. This data may explain why large amounts of B 2 O 3 led to a lower relative permittivity in BSTC ceramics. According to J. C. Maxwell, 22) secondary phases contribute to the dielectric constants of their host materials. In addition, the presence of B 2 O 3 does not change the transition temperature but significantly depresses the ferroelectric relaxation. The addition of 0.5 mass % B 2 O 3 reduces the maximum permittivity to below 2100, whereas the addition of 1 mass % reduces it even further to 1826. The effects of B 2 O 3 doping on the dielectric loss of the BSTC ceramics are shown in Fig. 9(b) . The evolution of the dielectric loss value of B 2 O 3 -doped BSTC ceramics are significantly decreased with increasing amounts of B 2 O 3 . It may be attributed to the formation of more second phases with the amount of B 2 O 3 addition.
where V f is the volume fraction occupied by the dispered phases, ¾ 1 and ¾ 2 are the permittivity of secondary and matrix phase, respectively; ¾ m is permittivity of mixtures (matrix + secondary phase).
Conclusions
The effect of the addition of B 2 O 3 on phase evolution, microstructure and dielectric properties of Ba 0.6 Sr 0.4 TiO 3 + 0.6% CuO (BSTC) ceramics have been investigated. It was discovered that adding glass phase B 2 O 3 to BSTC ceramics can lower the sintering temperature from 1150 to 1000°C and increases the bulk density of the sintered ceramics. An X-ray diffraction examination of the products indicated that they consist mainly of a Ba 0. 6 formed by adding 1 mass % B 2 O 3 and sintering at 1000°C in air for 2 h gives a maximum permittivity, ¾ max = 1826, and a bulk density >95% of theoretical. Moreover, BSTC with 0.5 mass % B 2 O 3 addition sintered at 1000°C exhibits a maximum permittivity, ¾ max = 2100, and a bulk density >92% of theoretical density.
